In developing countries, the microbial contamination of household drinking water is implicated in the prevalence of various diseases. This systematic review is concerned with two health outcomes, general diarrhoea and cholera, and their relationship with water quality at point-of-use.
INTRODUCTION
and Esrey (1996) analysed the relative contributions of different interventions to reductions in diarrhoea. One intervention, 'improving water quality', is shown to have a much lower effect than other interventions such as sanitation, personal hygiene (e.g. hand washing) and increasing water quantity. However, these reviews focus upon source water quality improvements rather than improvements at point-of-use. A recent comprehensive review of storage and treatment of household water (Sobsey 2002) recognises the need for more field testing of various interventions that have shown promise in the laboratory. This systematic review assesses the results of published field research in this area.
In many developing countries, potable water is collected from communal sources which are either unimproved (e.g. unprotected wells, unprotected springs, and rivers) or improved (e.g. protected wells, boreholes and public standpipes) (WHO/UNICEF, 2000) . Such sources can be substantial distances from the households, particularly in rural areas. Microbial contamination of domestic drinking water during and after collection from the source has been recognised as a problem for such households, occurring even where the water sources are uncontaminated. Such post-source contamination results in poorer water quality in storage vessels within households.
Some have argued that this post-source contamination may negate the health benefits of new water source installations (Musa et al. 1999) . In contrast, Vanderslice & Briscoe (1993) have argued that other faecal-oral routes, such as pathogens consumed in food or dirty hands, may be more important than drinking water in causing disease.
These authors argue that immunity is acquired to familial pathogens through repeated exposure, but as such immunity does not protect against source pathogens, these are a greater risk to health. However, this argument ignores the fact that immunity to familial pathogens develops slowly and, as a result, post-source contamination may still affect the health of very young children, especially during weaning.
This debate is of direct relevance to policy formulation and in particular the initiatives needed to halve the proportion of people without sustainable access to safe drinking water by 2015 under the Millennium Development Goals (MDG). If contamination of water after collection has little or no impact on health outcomes, a continued emphasis on new water sources seems justified. If, however, water contamination post-source does affect health, a greater emphasis on improving water quality at point-ofuse is warranted, by promoting better water handling, storage and treatment. A greater emphasis on point-of-use interventions may be necessary not only to achieve the MDG for sustainable access to safe water, but also the MDG to reduce under-five mortality by two thirds by 2015.
This systematic review is concerned with two health outcomes, general diarrhoea and cholera, and their relationship with water quality at point-of-use. In the studies reviewed, the effects of stored water quality on health have been assessed in two ways: by comparing indicator and V. cholerae bacteria counts in stored water samples with general diarrhoea and cholera morbidity, and by assessing the health outcomes of intervention studies of home water treatment and storage.
METHODS

Criteria for inclusion
The review considers studies of any age group in developing countries where water is transported from a source outside the home and then stored within the household.
Temporary residents (e.g. refugees in camps, tourists and military personnel) are excluded from the review as these settings may reflect abnormal water use and hygiene behaviours. The health outcomes included are restricted to general diarrhoea and cholera. Although several studies have assessed other health impacts of microbiological water quality (e.g. skin infections (Verweij et al. 1991) ), these studies are too few to make any meaningful generalisations. This review does not cover the effects of chemical contaminants such as arsenic. The scope of the review is further restricted to studies that have collected health information specific to the sample households, rather than using aggregated secondary statistics from health centres where data quality is uncertain. Studies relating government health statistics for broad areas to routine water quality monitoring results are therefore excluded.
The studies included for review have been divided into two categories:
1. Observational studies that relate microbiological indicators of water quality at point-of-use to health outcomes.
For example, such a study might assess the relationship between number of thermotolerant coliforms in point-of-use water and general diarrhoea morbidity among young children.
Intervention studies that assess the effect of changes in water storage and/or treatment on health outcomes.
These are all interventions that relate to the treatment or storage of water within the household, such as chlorination, solar disinfection, or improved storage vessels. Interventions affecting community water supplies, rather than those of individual households, are excluded from the review (e.g. installing a new borehole).
Search strategy for identification of studies
The search for relevant literature was primarily through on-line bibliographic databases (PubMed, Web of Science and the African Index Medicus). Abstracts highlighted by key word searches were scanned for relevance and photocopied as necessary. The so-called 'ancestry approach', in which references from key papers are systematically traced, was also used for two previous review papers (Vanderslice & Briscoe 1993; Mintz et al. 1995) . In Abstracts and other details of relevant studies were collated in a bibliographic database and study design and setting characteristics were recorded in a spreadsheet, which was then exported to a statistical package (Stata) for meta-analysis.
Statistical methods
The statistical methods applied to the two types of studies were as follows: In most studies analysing the effects of water quality on health, subjects were classified into two groups, those with high quality stored water and those with low quality stored water. Differences in health outcomes between these high and low quality water groups were then expressed as odds ratios based on the number of diarrhoea or cholera cases in each group.
For general diarrhoea, the basis of this classification of water quality varied from study to study, because of differences in the analysis and reporting of results. High quality water was variously defined as those samples that tested negative for indicator bacteria (Lloyd-Evans et al. 1984; Genthe et al. 1997) , those samples with bacteria counts below the median for the study ), those samples with bacteria counts below 10 (Rajasekaran et al. 1977; ) and those with thermotolerant coliform counts below 10,000 (Henry & Rahim 1990) . The included studies used either E. coli (Black et al. 1982; Lloyd-Evans et al. 1984; Echeverria et al. 1987; Genthe et al. 1997) or thermotolerant coliforms as indicator bacteria (Rajasekaran et al. 1977; Henry & Rahim, 1990; Han et al. 1991; Knight et al. 1992; Vanderslice & Briscoe, 1993; Genthe et al. 1997; Jagals et al. 1997) . Several of these studies also presented data on the relationship between total coliforms and general diarrhoea (Lloyd Evans et al. 1984; Genthe et al. 1997; Jagals et al. 1997) . These results were not analysed here, since total coliforms are known to be unreliable as an indicator of faecal contamination (WHO 2002) .
No studies were identified that assessed the relationship between enterococci at point-of-use and diarrhoea, despite evidence that levels of enterococci in source water are correlated with diarrhoea prevalence (Moe et al. 1991) .
For cholera studies, low quality water was invariably defined as those stored water samples testing positive for V. cholerae bacteria.
Intervention studies that assess the effect of changes in water storage and/or treatment on health outcomes.
Odds ratios were used to examine the effects of household water treatment and storage interventions on diarrhoea and cholera. Odds ratios as calculated in the original papers were used wherever possible.
In some studies these were unavailable (Khan et al. 1984; Kirchhoff et al. 1985; Deb et al. 1986; Quick, 1997) , and so odds ratios were derived from the total number of subjects and cases in each of the intervention and the control groups.
Meta-analysis was used to explore the variation between study results not explained by chance. The significance of this variation in study results, known as heterogeneity, can be tested statistically. Where there was no heterogeneity and the variation between studies could be explained by chance, an overall pooled odds ratios was calculated using the random effects method. Where heterogeneity existed, meta-regression based on the method of restricted maximum likelihood was used to account for possible differences in study results based on their settings and design (Thompson & Sharp 1999) . Characteristics of the study setting that might influence results included the types of In this context, studies involving limited numbers of subjects might be more likely to be published when they showed a significant effect of an intervention or a significant relationship between health outcomes and bacteria counts in water samples. If such bias occurred, the pooled odds ratios would appear larger and be more likely to show significance. The resulting data sets were therefore tested for publication bias using Egger's test (Egger et al. 1997) .
RESULTS
Studies included in the review were undertaken in 16 countries and the region with the greatest number of studies was south-east Asia. For each of the two types of study, the results are given below.
Observational studies that relate microbiological indicators of water quality at point-of-use to health outcomes (16 studies)
The characteristics of these studies are summarised in Table 1 . With one exception (Jagals et al. 1997) all of the included studies assessed stored water quality in relation to general diarrhoea among pre-school children or subcategories of pre-school children (Rajasekaran et al. 1977; Lloyd-Evans et al. 1984; Echeverria et al. 1987; Henry & Rahim 1990; Han et al. 1991; Knight et al. 1992; Genthe et al. 1997) . Cholera studies (Spira et al. 1980; Gunn et al. 1981; Deb et al. 1982 
Intervention studies that assess the effect of changes in water storage and/or treatment on health outcomes (12 studies)
The characteristics of the intervention studies are summarised in Table 2 . There was no evidence of publication bias. Figures 2(a) and 2(b) show the effectiveness of water treatment and handling interventions, as measured by the odds ratio for diarrhoea and cholera. Three intervention studies were concerned with cholera. Of these, two considered cholera among all age groups (Khan et al. 1984; Deb et al. 1986 ) and one considered cholera among children under 5 years (Conroy et al. 2001) . There was no significant heterogeneity between these intervention studies of cholera and the pooled odds ratio across all studies was 0.35 (confidence limits 0.21-0.56).
Of the general diarrhoea studies, we were unable to contact the author of one study (Austin 1994 ) that failed to find a significant effect of chlorination. This study presented results too briefly to be usable in the metaanalysis. We were also unable to locate a copy of an unpublished report that found a significant reduction in diarrhoea following a ceramic filter intervention (Wilson & Neveu 1995) . Of the remaining studies, three considered general diarrhoea among all age groups (Kirchhoff et al. 1985; Semenza et al. 1998; Quick et al. 1999) . Two studies considered general diarrhoea in children under 5 years (Mahfouz et al. 1995; Conroy et al. 1999 ) and two considered general diarrhoea among older children (Conroy et al. 1996; Quick 1997) .
For these studies of general diarrhoea, significant heterogeneity was revealed, with between-studies variance of 0.095. As shown in Table 3 , the proportion of households in the trial with adequate sanitation was significantly associated with greater intervention effectiveness. No other aspect of study setting showed a significant relationship. After inclusion of a sanitation variable and a constant, the residual between-studies variance was 0.06, which is still significant, suggesting that other untested characteristics of study settings and/or design may be contributing to the variation in the results. consideration should be given to introducing water treatment and storage at household level.
In terms of general diarrhoea, the role of point-of-use water quality appears more complex. One apparent contradiction in the studies reviewed is that most of the water treatment and storage interventions were effective, and yet high indicator bacteria counts were seldom associated with diarrhoea among subjects.
Several explanations may account for the apparently contradictory findings concerning general diarrhoea: (Gleeson & Gray 1997; Hamer et al. 1998) .
Had the studies used enterococci, as noted in Moe et al. (1991) , there may have been a stronger relationship. Overall, this explanation of mismatch between water quality indicators and diarrhoeal pathogens is highly credible.
2. It may be that study participants and field workers were aware that water treatment or storage interventions were intended to reduce diarrhoea and modified their responses to conform with the anticipated outcome. Some studies did 'blind' the study participants and field workers to the nature of the intervention. In the solar disinfection studies, control households were asked to store water vessels indoors as a form of 'blinding'. In two chlorination studies, control households were given a chlorine placebo (Kirchhoff et al. 1985; Austin 1994) . In general, however, it should be noted that 'blinding' is impossible in practice where the intervention includes use of an improved container.
3. Since most interventions also involve some form of hygiene education or otherwise raise awareness of water handling and its importance, this education-rather than better water quality per semay reduce diarrhoea. Two studies have been designed to compare the effects of hygiene education alone against hygiene education and water treatment (Wilson & Neveu 1995; Luby et al. 1998) . These studies suggest that whilst additional the water treatment intervention undoubtedly improves water quality more than hygiene education alone, there may only be a slight reduction in diarrhoea associated with water treatment and education compared with hygiene education alone. However, one study of solar disinfection of water (Conroy et al. 2001) suggested that only the children drinking the disinfected water were at lower risk of cholera.
Other household members, who may have benefited more generally from hygiene education associated with the intervention, did not drink disinfected water and showed no reduced risk of cholera.
Furthermore, a recent study noted a significant reduction in diarrhoea prevalence following a chlorination and safe storage intervention, despite the absence of any hygiene education (Sobsey et al. 2003) . 4. As suggested by Vanderslice & Briscoe (1993) other faecal-oral pathways (e.g. food, hands, etc.) may be more important than water. Several authors have found significant relationships between bacterial contamination of foods (Black et al. 1982 ) and hands (Henry & Rahim 1990 ) with diarrhoea morbidity, but not with bacterial counts in stored water. Given that the water treatment and storage interventions are generally effective, this explanation seems unlikely.
The studies of general diarrhoea used a wide range of definitions of 'high' and 'low' water quality. No attempt was made to adjust the analysis for the inconsistency in these definitions, since this would have entailed obtaining the raw data sets from the authors of all the studies reviewed. However, the absence of any significant heterogeneity between studies suggests that the use of different definitions of water quality does not affect the strength of the relationship with general diarrhoea. In other words, no relationship was identified between point-of-use water quality and general diarrhoea in the studies described here-regardless of the 'low'/'high' water quality distinction used.
The meta-regression shown in Table 3 suggested that point-of-use interventions had a greater impact on general diarrhoea where a high proportion of households had adequate sanitation. This may be because household sanitation has restricted the faecal-oral pathways associated with faecal matter around the household compound and in communal defecation areas, so reducing diarrhoea morbidity, with the consequence that an additional intervention has a proportionately greater effect. Ideally, this argument could have been examined by including absolute diarrhoea rates as a characteristic of the study setting in the meta-regression. However, not all studies presented baseline diarrhoea data. Recall periods greater than 48 h are also known to reduce reported diarrhoea rates (Blum & Feachem 1983) . In the intervention studies, only the solar disinfection studies by Conroy et al. (1996 Conroy et al. ( , 1999 ) used a recall period greater than 48 h. The other intervention types all used recall periods of 48 h or less. As the metaregression included 'type of intervention' as a variable, this was equivalent to testing for 'recall period in excess of 48 h'. As 'type of intervention' was not significant, it can be concluded that effect of the difference in recall periods was also insignificant.
This review of intervention trials also suggests several areas of uncertainty and in particular supports Sobsey's (2002) conclusion that there is a need for additional field studies about point-of-use interventions. Bacteriological evidence suggests that improved water vessels may be effective at reducing coliform counts in stored water where sources are well protected and consistently uncontaminated (Hammad & Dirar 1982; Pinfold 1990; Chidavaenzi et al. 1998) . However, the impact of such improved container designs on diarrhoea outcomes needs to be determined. As with the microbiological testing, there are also several water treatment and storage interventions whose effectiveness in combating diarrhoea and/or cholera has never been demonstrated through community-based trials. In particular, various examples of household filters are in use in developing countries (Sobsey 2002) , but there were no published field studies of their effectiveness in the review period. Other such interventions include the use of ground seeds from the Moringa tree, which has been shown in a laboratory study to clarify water (Kumar & Gopal 1999) . Similarly, the 'three pot' system, as promoted by Skinner & Shaw (1998) allows stored water to settle for 48 h before consumption, thus reducing pathogens in the water through sedimentation and die-off. However, to date there has been no peerreviewed evaluation of this system. As attempted in one study (Wilson & Neveu 1995) , it may also be useful to assess the role of hygiene education alone compared to hygiene education and water treatment or storage improvements, given that it is unclear how far hygiene education contributes to the apparent health benefits of such interventions.
Although further research is needed in some areas covered by this review, the findings indicate that water policy in developing countries may need to pay greater attention to the water quality at the point of use, if diarrhoeal morbidity is to be reduced. This implies that consideration should be given to the factors that result in post-source contamination and to methods of combating these, some of which may have more general benefits in terms of the environmental health of communities.
In essence, a more 'holistic' approach to community water, sanitation and hygiene may produce better health outcomes than water source improvements alone.
